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The  aim  of  this  study  is  to  investigate  the  joint  strength  between  a  newly  developed  glass-ceramic  sealant 
(GC-9)  and  metallic  interconnect  (Crofer  22  H)  for  planar  solid  oxide  fuel  cells  (pSOFCs).  The  joint  strength 
is  evaluated  at  room  temperature  and  800  °C  under  shear  and  tensile  loading  using  two  types  of  sandwich 
specimen.  Effects  of  number  of  initial  sealant-spreading  side,  pre-oxidation  of  metallic  interconnect,  and 
thermal  aging  in  air  on  the  joint  strength  are  studied.  Regardless  of  testing  temperature  and  loading 
mode,  the  joint  strength  of  specimens  initially  with  two  sides  of  glass-ceramic  sealant  is  greater  than 
that  of  single-sided  ones.  A  pre-oxidation  treatment  of  the  metal  coupon  at  900  °C  for  2h  or  20  h  does 
not  generate  a  beneficial  effect  on  the  shear  and  tensile  joint  strength  for  all  the  given  testing  conditions. 
Compared  to  the  shear  strength  of  unaged  joint  specimens,  a  reduction  of  17-19%  in  shear  joint  strength 
at  800  °C  is  observed  for  variously  aged  ones. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  the  highest  efficiencies  among 
the  fuel  cells  developed  as  they  utilize  solid  ceramics  as  the  elec¬ 
trolyte  and  electrode  and  operate  at  high  temperatures.  In  recent 
development  of  SOFCs,  planar  SOFCs  (pSOFCs)  have  attracted  more 
attention  as  they  are  easier  to  fabricate,  operate  at  a  lower  tem¬ 
perature  (below  800  °C),  and  offer  a  higher  power  density  over  the 
tubular  ones.  In  practical  applications  of  pSOFCs,  unit  cells  are  inte¬ 
grated  by  bipolar  interconnects  into  a  multi-cell  stack  to  generate  a 
high  voltage  and  power.  Therefore,  interconnects  play  a  very  impor¬ 
tant  role  in  structural  and  electrical  connection  of  unit  cells.  During 
the  stacking  process  and  operation,  hermetic  sealants  are  needed 
to  maintain  gas  tight  between  components  in  SOFCs.  Sealants  for 
SOFCs  must  have  necessary  adherence,  mechanical  integrity,  chem¬ 
ical  stability  and  compatibility,  electric  insulation,  and  thermal 
expansion  match  at  operating  temperature.  The  high-temperature 
operation,  however,  gives  rise  to  significant  thermal  stresses  due 
to  mismatch  of  coefficient  of  thermal  expansion  (CTE)  between 
components  and  temperature  gradients  in  the  SOFC  system  [1,2]. 

When  a  rigid  type  of  sealing  is  applied  to  pSOFCs,  joining 
glass-ceramic  sealants  to  metallic  interconnects  is  very  common. 
During  cyclic  operation  of  pSOFCs,  generation  of  thermal  stresses 
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is  inevitable  leading  the  seals  to  be  subjected  to  tensile  and  shear 
stresses  [1,2].  Once  the  stresses  exceed  the  corresponding  strength 
of  the  joint  between  a  glass-ceramic  sealant  and  metallic  intercon¬ 
nect,  failure  of  the  sealing  may  lead  to  gas  leakage  and  degradation 
of  cell  performance.  For  this  reason,  it  is  necessary  to  investigate 
the  mechanical  properties  of  such  a  joint  for  assessing  the  struc¬ 
tural  reliability  of  a  pSOFC  stack.  The  mechanical  properties  of  a 
joint  do  not  belong  to  that  of  a  single  material  while  they  are  inter¬ 
facial  properties  between  two  materials.  Any  interaction  between 
the  glass-ceramic  and  metal  may  influence  the  mechanical  prop¬ 
erties  of  the  joint.  Although  many  studies,  e.g.  [3-9],  have  recently 
investigated  the  bonding  and  chemical  interaction  of  glass-ceramic 
sealants  with  metallic  interconnects,  little  literature  is  related  to 
the  mechanical  properties  of  such  joints  in  pSOFCs.  Only  a  limited 
number  of  studies  [10-13]  have  been  focused  on  this  subject  which 
is  important  to  advance  the  development  of  SOFC  technologies. 

In  the  study  of  Smeacetto  et  al.  [  1 0],  bonding  strength  between  a 
glass-ceramic  sealant  (Si02-Al203-Ca0-Na20,  SACN)  and  two  Cr- 
containing  metallic  interconnects  (Crofer  22  APU  and  AISI 430)  was 
evaluated  under  tensile  loading  at  room  temperature,  but  no  quan¬ 
titative  data  of  mechanical  strength  were  reported.  It  was  found 
that  fracture  of  the  Crofer  22  APU/SACN/Crofer  22  APU  joint  speci¬ 
mens  always  occurred  within  the  glass-ceramic  layer  and  never  at 
the  interfaces  in  the  joint  [10].  In  order  to  obtain  a  good  adhesion 
between  the  AISI  430  steel  and  SACN  glass-ceramic,  a  pre-oxidation 
treatment  of  the  metal  is  essential  [10].  Chou  et  al.  [11,12]  inves¬ 
tigated  the  tensile  joint  strength  of  a  (Sr0,Ca0)-Y203-B203-Si02 
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glass  (YS075)  with  a  Crofer  22  APU  interconnect  at  room  tempera¬ 
ture  and  found  that  the  bonding  behavior  of  the  joint  was  intensely 
dependent  on  the  nature  of  the  metal  surface.  The  joint  strength 
of  the  YS075  glass  with  Crofer  22  APU  at  room  temperature  was 
degraded  if  the  thickness  of  oxide  scale  on  Crofer  22  APU  was 
greater  than  1  -2  [xm  while  oxide  scales  thinner  than  0.5  p,m  had  no 
influence  on  the  joint  strength  [  1 1  ].  In  other  words,  the  applied  pre¬ 
oxidation  treatments  of  Crofer  22  APU  had  no  positive  effect  on  the 
Crofer  22  APU/YS075/Crofer  22  APU  joint  strength  [11].  The  results 
in  Refs.  [10,11]  show  a  different  trend  in  terms  of  pre-oxidation 
effect.  Accordingly,  further  research  is  needed  to  investigate  such 
an  issue. 

Stephens  et  al.  [13]  studied  the  interfacial  strength  between  a 
G18  glass-ceramic  and  Crofer  22  APU  substrate  and  found  that  the 
joint  strength  under  tensile  and  shear  loading  was  decreased  with 
an  increase  in  temperature  from  25  to  800  °C.  Failure  occurring 
either  through  the  glass  layer  or  at  the  glass-metal  interface  was 
found  in  tensile  tests  while  in  shear  tests  only  interfacial  failure  took 
place  for  the  G18/Crofer  22  APU  joints  [13].  Pre-oxidation  effect 
was  not  considered  in  that  study  [13].  As  new  glass/glass-ceramic 
sealants  and  metallic  interconnects  have  recently  been  devel¬ 
oped  for  pSOFCs,  more  studies  on  the  joint  strength  between 
glass/glass-ceramic  sealants  and  metallic  interconnects  at  both 
room  temperature  and  operating  temperature  are  needed  to  pro¬ 
vide  more  comprehensive  information  for  design  of  a  reliable 
pSOFC  stack.  As  part  of  a  series  of  studies  [  1 4-1 8  ]  on  the  mechanical 
properties  of  glass-ceramic  sealants  and  metallic  interconnects  for 
pSOFCs,  the  aim  of  this  study  is  to  investigate  the  tensile  and  shear 
joint  strength  between  a  newly  developed  glass-ceramic  sealant 
(GC-9)  and  metallic  interconnect  (Crofer  22  H)  for  pSOFC  applica¬ 
tions.  In  particular,  effects  of  number  of  initial  sealant-spreading 
side,  pre-oxidation,  and  thermal  aging  on  the  bonding  strength  are 
evaluated  at  both  room  temperature  and  800  °C. 


2.  Experimental  procedures 

2.1.  Materials  and  specimens 
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Fig.  1.  Scheme  of  two  types  of  joint  specimen:  (a)  tensile  specimen  and  (b)  shear 
specimen  (dimensions:  mm). 


Fig.  1(a)  and  (b)  shows  two  types  of  joint  specimen  for  tensile 
and  shear  tests,  respectively.  The  glass-ceramic  sealant,  desig¬ 
nated  as  GC-9,  used  to  join  the  two  metallic  coupons  is  a  novel 
Ba0-B203-Al203-Si02  glass  which  has  recently  been  developed  at 
the  Institute  of  Nuclear  Energy  Research  (INER)  for  pSOFCs  [19-23]. 
Chemical  composition  of  the  GC-9  glass  includes  0-40  mol%  BaO, 
0- 1 5  mol%  B2  03 , 0- 1 0  mol%  Al2  03 , 0-40  mol%  Si02 , 0- 1 5  mol%  CaO, 
0-15  mol%  La203,  and  0-5  mol%  Zr02.  The  GC-9  glass  sealant  shows 
good  thermal  properties,  chemical  compatibility  and  stability,  and 
hermetic  properties  for  use  in  pSOFCs  [19-23].  The  glass  transi¬ 
tion  temperature  (Tg)  and  softening  temperature  (Ts)  of  the  GC-9 
glass  are  at  668  °C  and  745  °C,  respectively  [16].  Fligh-temperature 
mechanical  properties  of  the  GC-9  glass-ceramic  in  both  bulk  and 
sintered  forms  have  been  well  studied  [14-16]. 

The  metallic  coupons  of  the  joint  specimens  were  made  of  a 
newly  developed  commercial  ferritic  stainless  steel,  Crofer  22  H 
(ThyssenKrupp  VDM  GmbFI,  Germany),  which  is  a  heat-resistant 
alloy  developed  for  pSOFC  interconnects.  The  chemical  composi¬ 
tion  of  Crofer  22  FI  alloy  in  wt%  includes  22.93  Cr,  1.94  W,  0.51  Nb, 
0.43  Mn,  0.21  Si,  0.08  La,  0.07  Ti,  0.02  Cu,  0.02  Al,  0.014  P,  0.007  C, 
<0.002  S,  and  balance  of  Fe.  With  the  additions  of  0.51  wt%  of  Nb  and 
1.94  wt%  of  W,  Crofer  22  FI  alloy  shows  better  electrical  conductiv¬ 
ity,  oxidation  resistance,  tensile  strength,  and  creep  resistance  for 
pSOFC  applications,  as  compared  to  the  previously  developed  Cro¬ 
fer  22  APU  steel  [17,18,24,25].  The  as-received  Crofer  22  FI  plates 
were  cut  into  slices  with  dimensions  of  95  mm  (length)  x  25  mm 
(width)  x  2.5  mm  (thickness)  to  make  the  joint  specimens.  A  pin 


hole  was  drilled  in  each  steel  slice  for  applying  pin  loading.  In  order 
to  minimize  the  bending  and  twisting  effects  during  mechanical 
testing,  the  force  was  applied  by  means  of  pin  loading.  For  shear 
specimens,  an  edge  of  each  steel  slice  was  milled  from  the  original 
thickness  of  2.5  mm  to  1  mm  with  an  area  of  8  mm  x  25  mm. 

After  machining  the  steel  slices,  GC-9  glass  paste  was  spread  on 
the  joining  region  of  each  steel  coupon  to  make  a  half  specimen.  The 
nominal  joining  areas  are  of  25  mm  x  2.5  mm  and  25  mm  x  6  mm 
for  tensile  and  shear  specimens,  respectively.  The  glass  paste  was 
made  of  a  mixture  of  GC-9  glass  powders  dispersed  in  ethanol. 
The  half  specimens  were  dried  in  furnace  at  70  °C  after  spread¬ 
ing  the  glass  paste.  A  single-sided  joint  specimen  (designated  as 
HT900S)  was  assembled  by  placing  a  half  specimen  on  another  plain 
steel  slice  to  form  a  metal/glass-ceramic/metal  sandwich  speci¬ 
men  through  appropriate  heat  treatments.  For  studying  the  effect  of 
number  of  initial  spreading  side  of  glass  paste  on  the  joint  strength, 
a  half  specimen  was  alternatively  placed  on  another  half  speci¬ 
men  to  form  a  double-sided  joint  specimen  (designated  as  FIT900D) 
through  the  same  joining  heat  treatments.  In  order  to  make  both 
sides  of  the  sandwich  joint  specimen  flat  to  avoid  any  bending  effect 
on  the  mechanical  test,  a  special  fixture  was  made  and  used  to 
hold  the  specimen  during  the  joining  heat  treatments.  Each  prelim¬ 
inarily  assembled  specimen  together  with  the  holding  fixture  was 
then  heated  to  500  °C  and  held  for  1  h  followed  by  another  heat¬ 
ing  step  to  900  °C  with  a  hold  time  of  4  h  to  complete  the  joining 
process.  The  heating  rate  at  each  heating  step  in  the  given  join¬ 
ing  process  is  5°Cmin-1.  After  the  joining  process  is  completed, 
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the  thickness  of  glass-ceramic  sealant  is  of  0.5  mm  for  both  single¬ 
sided  and  double-sided  shear  joint  specimens.  The  glass-ceramic 
sealant  in  the  double-sided  and  single-sided  tensile  joint  specimens 
has  a  thickness  of  0.44  mm  and  0.22  mm,  respectively.  For  investi¬ 
gating  the  effect  of  oxide  layer  on  the  bonding  strength,  some  steel 
slices  were  pre-oxidized  at  900  °C  for  2  h  or  20  h  before  spreading 
the  glass-ceramic  sealant.  To  study  the  effect  of  thermal  aging  on 
the  joint  strength,  some  joint  specimens  were  aged  in  air  at  800  °C 
for  250,  500,  or  1 000  h  after  the  joining  process. 

2.2.  Mechanical  testing 

For  determining  mechanical  properties  of  the  joints  at  room 
temperature  and  800  °C,  the  specimens  were  tested  under  uni-axial 
loading  on  a  commercial  closed-loop  servo-hydraulic  test  machine 
attached  with  a  furnace.  For  the  high- temperature  tests,  joint  spec¬ 
imens  were  heated  to  800  °C  with  a  rate  of  5  °C  min-1  and  held  for 
15  min  to  reach  thermal  equilibrium  before  applying  mechanical 
loads.  The  mechanical  tests  were  conducted  under  displacement 
control  with  a  stroke  rate  of  0.5  mm  min-1 .  For  each  investigated 
condition,  5-7  specimens  were  repeatedly  tested  and  the  average 
strength  was  determined. 

2.3.  Microstructural  analysis 

After  mechanical  testing,  fracture  surfaces  of  each  specimen 
were  examined  with  an  optical  microscope  to  determine  the  true 
joining  area  for  calculating  the  nominal  tensile  or  shear  stress.  In 
order  to  characterize  the  interfaces  in  the  joint  specimens,  some 
samples  were  cut  along  the  longitudinal  direction  to  observe  the 
cross  sections.  These  cross  sections  were  finely  polished  to  optical 
finish.  Scanning  electron  microscopy  (SEM)  was  applied  to  examine 
the  interfacial  morphology  between  the  glass-ceramic  sealant  and 
metallic  interconnect.  The  energy  dispersive  spectrometer  (EDS) 
module  attached  with  the  SEM  was  used  for  composition  analysis 
to  show  the  elemental  distribution  in  the  glass-ceramic  sealant  and 
metallic  interconnect.  Failure  modes  of  the  joint  under  tensile  and 
shear  loading  were  also  characterized. 

3.  Results  and  discussion 

3.1.  Effect  of  number  of  initial  spreading  side  of  glass-ceramic 
sealant 

Comparison  of  shear  strength  between  the  joint  specimens  with 
a  single  side  (FIT900S)  and  two  sides  (FIT900D)  of  glass-ceramic 
sealant  is  shown  in  Fig.  2(a).  In  Fig.  2(a),  the  height  of  a  column 
indicates  the  average  strength  and  the  upper  and  lower  ends  of  an 
error  bar  represent  the  maximum  and  minimum  strength,  respec¬ 
tively.  Note  that  the  strength  value  was  calculated  by  dividing  the 
maximum  applied  force  in  each  test  by  the  joining  area.  There¬ 
fore,  both  the  shear  and  the  tensile  joint  strength  presented  in 
the  current  study  should  be  considered  as  a  “nominal”  fracture 
strength.  For  the  single-sided  FIT900S  specimens,  the  average  shear 
joint  strength  at  room  temperature  is  of  4.9  MPa  and  decreases  to 
4.4  MPa  at  800  °C.  The  average  shear  joint  strength  of  the  double¬ 
sided  FIT900D  specimens  is  of  6.6  MPa  at  room  temperature  and 
drops  to  4.7  MPa  at  800  °C.  The  shear  joint  strength  in  both  seal¬ 
ing  preparation  configurations  follows  the  same  decreasing  trend 
with  increasing  temperature.  As  shown  in  Fig.  2(a),  shear  joint 
strength  is  enhanced  for  the  double-sided  specimens  as  compared 
to  the  single-sided  ones.  Fig.  2(b)  shows  the  comparison  of  tensile 
strength  for  the  single-sided  and  double-sided  joint  specimens.  For 
the  HT900S  specimens,  the  average  tensile  joint  strength  is  reduced 
from  1 6.7  MPa  at  room  temperature  to  4.3  MPa  at  800  °C.  The  aver¬ 
age  tensile  joint  strength  of  the  FIT900D  specimens  drops  from 
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Fig.  2.  Comparisons  of  joint  strength  for  specimens  with  a  single  side  (HT900S) 
and  two  sides  (HT900D)  of  glass-ceramic  sealant:  (a)  shear  strength  and  (b)  tensile 
strength. 


23  MPa  at  room  temperature  to  12.7  MPa  at  800  °C.  As  shown  in 
Fig.  2(b),  tensile  joint  strength  is  also  enhanced  by  initially  spread¬ 
ing  glass-ceramic  sealant  on  each  of  the  two  metallic  coupons.  In 
particular,  an  increment  of  195%  in  average  tensile  joint  strength  at 
800  °C  is  observed  for  FIT900D  as  compared  to  FIT900S.  The  nom¬ 
inal  tensile  joint  strength  of  FIT900S  and  FIT900D  is  much  lower 
than  the  flexural  strength  of  the  bulk  GC-9  glass-ceramic  [14]  and 
the  tensile  strength  of  the  Crofer  22  H  alloy  [18]  at  both  room 
temperature  and  800  °C.  Note  the  Weibull  characteristic  flexural 
strength  of  a  non-aged,  sintered  GC-9  glass-ceramic  is  of  42  MPa 
at  room  temperature  and  19  MPa  at  800  °C  [14].  The  Crofer  22  H 
alloy  has  an  ultimate  tensile  strength  of  567  MPa  at  room  tempera¬ 
ture  and  123  MPa  at  800  °C  [18].  It  indicates  the  fracture  modes  and 
strength-determining  flaws/defects  in  the  given  joints  are  different 
from  those  in  the  bulk  GC-9  glass-ceramic  and  Crofer  22  H  stain¬ 
less  steel.  In  addition,  at  a  given  testing  temperature,  the  tensile 
joint  strength  is  generally  greater  than  the  shear  joint  strength.  This 
is  related  to  different  failure  patterns  in  tensile  and  shear  modes, 
which  will  be  discussed  below. 

Representative  force-displacement  curves  for  the  joint  speci¬ 
mens  tested  in  shear  mode  at  room  temperature  and  800  °C  are 
shown  in  Fig.  3(a).  The  force-displacement  curve  at  room  temper¬ 
ature  exhibits  a  typical  brittle  fracture  pattern,  while  that  at  800  °C 
indicates  a  non-linear  failure  mode.  As  the  testing  temperature  of 
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Fig.  3.  Typical  force-displacement  curves  of  the  joint  specimens  tested  under  (a) 
shear  and  (b)  tensile  loading  at  room  temperature  and  800  °C. 


800  °C  is  higher  than  the  glass  transition  temperature  of  the  GC-9 
glass-ceramic  [16],  failure  of  the  shear  joint  specimens  at  800  °C 
becomes  a  non-linear  ductile  mode.  For  the  joint  specimens  tested 
under  tensile  loading  at  room  temperature  and  800  °C,  the  typical 
force-displacement  curves  are  shown  in  Fig.  3(b).  Note  the  initial 
non-linear  behavior  in  the  force-displacement  curves  of  Fig.  3(b)  is 
due  to  some  compliance  of  the  pin-loading  test  rigs.  In  contrast  to 
the  shear  mode,  the  force-displacement  curves  under  tensile  load¬ 
ing  exhibit  a  brittle  fracture  pattern  at  both  room  temperature  and 
800  °C.  Apparently,  the  expected  high-temperature  viscous  behav¬ 
ior  of  the  GC-9  glass-ceramic  sealant  did  not  influence  the  tensile 
force-displacement  response  at  800  °C.  As  shown  in  Fig.  3(b),  the 
fracture  force  and  final  displacement  in  tensile  mode  are  signif¬ 
icantly  reduced  at  800  °C  indicating  a  greater  extent  of  strength 
decreasing  with  increasing  temperature,  in  comparison  with  the 
shear  mode.  No  significant  difference  in  the  load-displacement 
curves  was  found  between  the  single-sided  and  double-sided  joint 
specimens  in  both  shear  and  tensile  modes. 

Typical  fracture  patterns  in  the  single-sided  HT900S  shear  spec¬ 
imens  are  shown  in  Fig.  4.  Note  that  fracture  surfaces  on  each  half 
of  the  broken  specimen  are  presented  in  Fig.  4  and  the  following 
similar  figures.  As  shown  in  Fig.  4(a),  the  Crofer  22  H  substrate  of 
each  fracture  surface  is  still  adhered  with  some  GC-9  glass-ceramic 
sealant.  As  shown  in  Fig.  4(a),  there  are  two  dark  regions,  identi¬ 
fied  as  peeled  Cr203  chromia,  on  top  of  the  glass-ceramic  layer 
in  the  upper  fracture  surface,  and  two  counterpart  regions  with 
metallic  luster  of  the  metal  substrate  appear  in  the  other  fracture 
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Fig.  4.  Failure  patterns  of  HT900S  shear  specimens  tested  at  (a)  room  temperature 
and  (b)  800  °C. 


surface.  The  yellow  region  in  the  lower  fracture  surface  of  Fig.  4(a)  is 
a  leftover  of  the  delaminated  GC-9  glass-ceramic  layer  while  com¬ 
position  of  the  counterpart  region  in  the  upper  fracture  surface  is 
identified  as  a  BaCr04  chromate.  Therefore,  fracture  of  the  FIT900S 
shear  joint  specimens  at  room  temperature  took  place  through 
delamination  of  the  interfaces  between  the  glass-ceramic  substrate 
and  BaCr04  chromate  and  between  the  metal  substrate  and  Cr203 
chromia.  Flowever,  as  shown  in  Fig.  4(b),  fracture  of  the  FIT900S 
shear  joint  specimens  at  800  °C  occurred  through  delamination  of 
the  interface  of  GC-9/BaCr04  (in  the  peripheral  area)  as  well  as 
within  the  glass-ceramic  layer  (in  the  central  white  area).  The  cen¬ 
tral  white  region  shown  in  the  upper  fracture  surface  of  Fig.  4(b) 
is  the  interior  of  the  GC-9  glass-ceramic  layer.  No  delamination  of 
the  interface  of  Crofer  22  FI/Cr203  was  found  in  the  HT900S  shear 
joint  specimens  tested  at  800  °C. 

Identification  of  each  layer  shown  in  Fig.  4  is  confirmed  through 
SEM/EDS  analysis.  Fig.  5(a)  shows  an  SEM  micrograph  of  the 
observed  region  outlined  in  the  lower  fracture  surface  of  Fig.  4(a). 
There  are  three  distinct  zones  with  variously  gray  levels  in  this 
observed  region.  As  shown  in  Fig.  5(a),  the  three  zones,  outlined  by 
the  dash  lines,  are  the  metal  substrate,  BaCr04  chromate  layer,  and 
Cr203  chromia  layer.  By  means  of  EDS  analysis,  element  distribu¬ 
tions  in  these  three  zones  were  obtained  and  shown  in  Fig.  5(b)-(f). 
As  shown  in  Fig.  5(b),  a  high  intensity  of  Fe  is  found  in  the  metal 
substrate  zone.  The  mappings  of  Cr,  Mn,  and  0  shown  in  Fig.  5(c)-(e) 
agree  with  the  corresponding  zones.  The  shape  of  the  region  with 
a  high  intensity  of  Ba  in  Fig.  5(f)  agrees  with  that  supposed  to 
be  a  peeled  BaCr04  layer.  These  evidences  indicate  that  fracture 
of  the  shear  joint  specimens  indeed  involves  delamination  of  the 
glass-ceramic  substrate/chromate  and  metal  substrate/chromia 
interfaces.  Fligh-magnification  SEM  micrographs  of  the  three  zones 
in  Fig.  5(a)  are  shown  in  Fig.  6.  A  smooth  surface  is  observed  at  the 
metal  substrate  zone  (Fig.  6(a))  while  a  rough  surface  is  found  for 
the  peeled  BaCr04  zone  (Fig.  6(b)).  A  crystal  structure  is  visible  at 
the  chromia  oxide  zone,  as  shown  in  Fig.  6(c).  Such  crystals  are  the 
(Cr,Mn)304  spinels  on  top  of  the  Cr203  chromia. 

Fracture  patterns  of  the  double-sided  FIT900D  shear  specimens 
are  similar  to  those  of  single-sided  ones  (FIT900S)  at  each  given  test¬ 
ing  temperature.  That  is,  fracture  of  the  FIT900D  shear  specimens 
took  place  through  delamination  of  the  GC-9/BaCr04  and  Crofer 
22  FI/Cr203  interfaces  at  room  temperature  and  at  the  interface  of 
GC-9/BaCr04  as  well  as  in  the  GC-9  layer  at  800  °C. 

Fig.  7  shows  the  typical  fracture  patterns  in  single-sided  HT900S 
tensile  specimens  tested  at  room  temperature  and  800  °C.  As  shown 
in  Fig.  7(a),  fracture  occurred  mostly  within  the  glass-ceramic 
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Fig.  5.  EDS  mapping  of  elements  on  the  fracture  surface  outlined  in  Fig.  4(a):  (a)  observed  region;  (b)  Fe;  (c)  Cr;  (d)  Mn;  (e)  0;  and  (f)  Ba. 


layer.  However,  for  the  HT900S  tensile  specimens  tested  at  800  °C, 
fracture  also  occurred  in  the  glass-ceramic  layer,  while  delami¬ 
nation  was  occasionally  observed  at  the  interface  of  GC-9/BaCr04 
(Fig.  7(b)).  For  the  double-sided  HT900D  tensile  specimens,  fracture 
took  place  mainly  in  the  glass-ceramic  layer  at  both  room  tempera¬ 
ture  and  800  °C.  These  results  indicate  that  the  tensile  joint  strength 
accompanied  by  fracture  of  the  glass-ceramic  layer  alone  is  higher 
than  that  with  fracture  of  both  glass-ceramic  layer  and  interface  of 
GC-9/BaCr04. 

In  the  present  study,  a  half  specimen  was  made  by  spreading 
the  GC-9  slurry  on  the  surface  of  a  Crofer  22  H  coupon.  The  half 
specimen  was  then  put  into  a  furnace  at  70  °C  to  dry  the  paste. 
During  the  joining  process  at  high  temperatures,  the  half  specimen 
was  placed  on  another  half  specimen  or  a  plain  metal  coupon  to 
make  a  double-sided  or  single-sided  specimen,  respectively.  For  a 
single-sided  specimen,  no  glass  was  initially  spread  on  the  plain 
metal  coupon  to  be  joined.  However,  for  a  double-sided  specimen, 
glass  has  been  spread  on  each  of  the  two  metal  coupons  before  the 
joining  process.  The  wettability  of  the  glass  slurry  initially  spread 
on  the  metal  slice  at  room  temperature  is  better  than  that  of  the 
dry  glass-ceramic  in  direct  contact  with  the  metal  slice  during  join¬ 
ing  at  high  temperatures.  A  good  wetting  behavior  of  glass  on  the 
metal  surface  can  improve  the  bonding  performance.  In  this  regard, 


the  superiority  of  joint  strength  in  double-sided  specimens  over 
that  in  single-sided  ones  is  attributed  to  a  better  wetting  effect 
during  joining  at  high  temperatures.  Fractography  analyses  of  the 
single-sided  shear  specimens  indicate  fracture  all  occurred  at  the 
interfaces  of  the  side  without  glass  initially.  This  is  an  evidence  of 
a  weaker  bonding  performance  in  the  single-sided  specimen. 

3.2.  Effect  of  pre-oxidation  of  metallic  interconnect 

An  oxide  layer  on  metal  is  favorable  for  bonding  a  glass  with 
metal  as  the  oxide  layer  during  sealing  process  can  dissolve  into 
the  glass  to  promote  the  wetting  behavior  of  glass  to  metal  [26].  As 
described  above,  the  results  in  Refs.  [10,11]  show  a  different  trend 
regarding  the  effect  of  pre-oxidation  of  metallic  interconnect.  In 
this  regard,  the  present  study  also  investigates  the  pre-oxidation 
effect  on  the  joint  strength  by  heat  treating  the  Crofer  22  H  coupons 
at  900  °C  in  air  for  2h  (designated  as  POHT900D)  or  20  h  (desig¬ 
nated  as  LPOHT900D)  before  joining  with  the  GC-9  glass-ceramic. 
Comparisons  of  joint  strength  for  the  cases  with  and  without  pre¬ 
oxidation  of  Crofer  22  H  coupons  are  shown  in  Fig.  8.  As  shown 
in  Fig.  8(a),  the  average  shear  joint  strength  of  HT900D  at  room 
temperature  is  of  6.6  MPa  and  decreases  to  4.7  MPa  at  800  °C.  For 
the  pre-oxidized  POHT900D  specimens,  the  average  shear  joint 
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Fig.  6.  High-magnification  SEM  micrographs  of  the  three  zones  shown  in  Fig.  5:  (a) 
metal  substrate;  (b)  BaCr04  chromate;  and  (c)  (Cr,Mn)304  spinels. 


strength  at  room  temperature  is  of  7  MPa  and  drops  to  4.4  MPa  at 
800  °C.  As  shown  in  Fig.  8(b),  the  average  tensile  joint  strength  at 
room  temperature  is  decreased  from  23  MPa  of  HT900D  to  1 6.7  MPa 
of  POHT900D  due  to  a  2-h  pre-oxidation  treatment  while  the 
counterparts  at  800  °C  are  comparable.  Apparently,  a  900°C/2h 
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Fig.  7.  Failure  patterns  of  HT900S  tensile  specimens  tested  at  (a)  room  temperature 
and  (b)  800  °C. 


pre-oxidation  treatment  of  the  metallic  interconnect  does  not  sig¬ 
nificantly  improve  the  shear  or  tensile  joint  strength  for  the  given 
Crofer  22  H/GC-9/Crofer  22  H  joints. 

The  tensile  joint  strength  at  800  °C  for  variously  pre-oxidized 
times  is  shown  in  Fig.  9.  The  average  tensile  joint  strength 
of  FIT900D  at  800  °C  is  of  12.7  MPa  and  comparable  with  that 
(12.6  MPa)  of  the  2-h  pre-oxidized  POFIT900D.  Flowever,  for  the 
20-h  pre-oxidized  LPOFIT900D  specimens,  the  average  tensile  joint 
strength  is  of  7  MPa.  The  tensile  joint  strength  for  a  900°C/20h 
pre-oxidation  treatment  is  considerably  degraded  indicating  that 
a  long-term  pre-oxidation  treatment  of  the  Crofer  22  H  coupons 
deteriorates  the  bonding  performance  between  the  GC-9  glass 
ceramic  and  Crofer  22  FI  alloy.  Both  the  shear  and  the  tensile  joint 
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Fig.  8.  Comparisons  of  joint  strength  of  specimens  with  and  without  pre-oxidation 
of  metal  coupons:  (a)  shear  strength  and  (b)  tensile  strength. 
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Fig.  9.  Tensile  joint  strength  at  800  °C  for  specimens  with  various  pre-oxidation 
treatment  times. 


strength  results  shown  in  Figs.  8  and  9  clearly  indicate  that  nei¬ 
ther  a  900  °C/2  h  nor  a  900  °C/20  h  pre-oxidation  treatment  of  the 
given  metallic  interconnect  could  effectively  improve  the  bond¬ 
ing  strength  between  the  given  glass-ceramic  sealant  and  metallic 
interconnect. 

Fractography  analyses  indicate  that  failure  patterns  for  the 
pre-oxidized  POFIT900D  shear  specimens  are  similar  to  those  of 
FIT900D  ones.  This  might  explain  why  the  shear  joint  strength  is 
not  enhanced  by  the  given  2-h  pre-oxidation  treatment.  As  shown 
in  Fig.  1 0,  most  of  the  fracture  in  the  pre-oxidized  POHT900D  tensile 
specimens  took  place  in  the  glass-ceramic  layer  at  both  room  tem¬ 
perature  and  800  °C,  while  delamination  is  occasionally  observed  at 
the  interface  of  GC-9/BaCr04.  Note  that  fracture  of  the  tensile  joint 
specimens  without  pre-oxidation  (FIT900D)  all  took  place  within 
the  glass-ceramic  layer.  For  the  20-h  pre-oxidized  tensile  speci¬ 
mens  (LPOFIT900D)  tested  at  800  °C,  extensive  delamination  of  the 
GC-9/BaCr04  interface  is  observed  on  the  fracture  surface  in  com¬ 
parison  with  the  2-h  pre-oxidized  ones.  Such  a  greater  extent  of 
delamination  failure  might  explain  why  the  tensile  joint  strength 
is  significantly  reduced  by  a  long-term  pre-oxidation  treatment  of 
the  Crofer  22  FI  coupons. 

Fig.  11(a)  shows  a  cross-sectional  SEM  micrograph  of  the  inter¬ 
face  between  the  GC-9  glass-ceramic  and  Crofer  22  FI  alloy  in 
an  FIT900D  joint  specimen  without  pre-oxidation.  Two  distinct 
zones  are  observed  in  Fig.  11(a)  with  the  upper  zone  representing 
the  GC-9  glass-ceramic  sealant  and  the  lower  region  represent¬ 
ing  the  Crofer  22  H.  A  good  adhesion  between  the  glass-ceramic 
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Fig.  11.  Cross-sectional  SEM  micrographs  of  the  interface  between  the  GC-9  and 
Crofer  22  H  in  plain  and  variously  pre-oxidized  joint  specimens:  (a)  HT900D;  (b) 
POHT900D;  and  (c)  LPOHT900D. 
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Fig.  10.  Failure  patterns  of  tensile  joint  specimens  of  POHT900D  tested  at  (a)  room 
temperature  and  (b)  800  °C. 


sealant  and  metallic  interconnect  is  observed.  A  continuous  and 
defect/crack-free  interface  is  present  indicating  a  good  physi¬ 
cal  compatibility  between  the  two  materials.  The  G2O3  chromia 
layer  on  the  metal  side  of  FIT900D  is  too  thin  to  be  observed. 
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A  cross-sectional  SEM  micrograph  of  the  interface  in  POHT900D  is 
shown  in  Fig.  11(b).  For  the  2-h  pre-oxidized  POHT900D  specimen, 
a  good  adhesion  is  also  observed  and  a  bright,  non-uniform  chro- 
mia  layer  on  the  metal  side  is  visible  at  the  interface  (Fig.  11(b)). 
The  thickness  of  the  Cr203  chromia  layer  in  POHT900D  is  about 
0.3  [xm.  Fig.  11(c)  shows  the  SEM  micrograph  of  a  cross-section  of 
the  interface  of  GC-9/Crofer  22  H  in  a  LPOHT900D  specimen  with  a 
20-h  pre-oxidation  treatment.  As  shown  in  Fig.  1 1(c),  a  good  adhe¬ 
sion  between  the  glass-ceramic  sealant  and  metallic  interconnect 
is  also  observed.  As  compared  to  Fig.  11(a)  and  (b),  the  chromia 
oxide  layer  in  LPOHT900D  is  thicker  and  more  uniform.  The  thick¬ 
ness  of  the  Cr203  layer  in  LPOHT900D  is  about  1.1  |xm  (Fig.  1 1(c)).  In 
corresponding  to  the  mechanical  testing  results  presented  in  Fig.  9, 
the  microstructural  observations  indicate  that  the  joint  strength 
is  significantly  degraded  if  the  thickness  of  the  chromia  layer  is 
greater  than  1  |xm.  Such  a  trend  is  also  reported  in  Ref.  [11]  but  dif¬ 
ferent  from  that  in  Ref.  [10].  The  tensile  joint  strength  of  a  YS075 
glass  with  Crofer  22  APU  is  degraded  if  the  thickness  of  oxide  scale 
on  Crofer  22  APU  is  greater  than  1  -2  |xm  [11].  However,  oxide  scales 
thinner  than  0.5  |xm  do  not  influence  the  tensile  joint  strength  of 
YS075/Crofer  22  APU  [11].  Although  Ref.  [10]  reported  that  a  pre¬ 
oxidation  treatment  of  AISI 430  steel  could  generate  a  1  -2-|xm  thick 
chromium-manganese-iron  oxide  layer  and  improve  the  bonding 
performance  between  an  SACN  glass  and  AISI  430  steel,  the  conclu¬ 
sions  were  made  based  on  microstructural  observations  without 
mechanical  testing  of  joint  strength.  A  microstructurally  good 
adhesion  between  the  glass-ceramic  sealant  and  metallic  inter¬ 
connect  is  still  present  in  both  short-  and  long-term  pre-oxidized 
joint  specimens  (POHT900D  and  LPOHT900D)  in  the  current  study, 
but  the  given  pre-oxidation  treatments  do  not  generate  any  benefi¬ 
cial  effect  on  the  joint  strength  according  to  the  mechanical  testing 
results. 

3.3.  Effect  of  thermal  aging 

As  some  of  the  joints  in  pSOFCs  are  exposed  to  an  oxidizing  envi¬ 
ronment  during  operation,  it  is  important  to  characterize  the  aging 
effect  on  the  joint  strength  at  elevated  temperature.  In  this  study, 
some  of  the  joined  specimens  were  aged  in  air  at  800  °C  for  250  h, 
500  h,  and  1 000  h  (designated  as  HT900D-A250,  HT900D-A500,  and 
HT900D-A1000,  respectively)  to  assess  the  effect  of  thermal  aging 
on  the  mechanical  strength  of  joint.  The  aged  joint  specimens  were 
tested  under  shear  loading  at  800  °C.  Comparison  of  shear  strength 
for  the  unaged  and  aged  joint  specimens  is  given  in  Fig.  12.  For 
the  HT900D-A250  and  HT900D-A500  specimens,  the  average  shear 
strength  at  800  °C  is  of  3.9  MPa.  For  the  HT900D-A1 000  specimens, 
the  average  shear  strength  is  slightly  decreased  to  3.8  MPa.  In  gen¬ 
eral,  the  shear  strength  of  the  joint  specimens  aged  to  different 
degrees  is  comparable.  Compared  to  the  shear  strength  (4.7  MPa) 
of  the  unaged,  as-sealed  joint  specimens,  a  reduction  of  17-19% 
in  strength  is  observed  for  the  aged  ones.  However,  increasing  the 
aging  time  from  250  h  to  500  h  and  even  to  1 000  h  does  not  further 
degrade  the  joint  strength  to  a  significantly  greater  extent. 

Fig.  13  shows  the  typical  fracture  patterns  of  the  aged  speci¬ 
mens  tested  under  shear  loading  at  800  °C.  In  Fig.  13(a),  the  fracture 
pattern  of  HT900D-A250  shows  delamination  of  the  GC-9/BaCr04 
interface  is  the  primary  failure  mode.  A  similar  fracture  pattern 
is  observed  for  the  HT900D-A500  specimens.  For  HT900D-A1000, 
in  addition  to  delamination  of  the  GC-9/BaCr04  interface  at  the 
outer  rim,  fracture  mainly  occurred  within  the  glass-ceramic  layer 
and  color  of  the  glass-ceramic  layer  turned  into  brown  from  white 
(Fig.  13(b)).  Although  the  fracture  pattern  is  changed  for  a  longer 
aging  time  (1000  h),  the  joint  strength  is  comparable  with  that  of  a 
shorter  aging  time  (250  h  and  500  h). 

It  has  been  reported  that  a  greater  flexural  strength  and  stiffness 
at  700-800  °C  is  observed  for  a  100-h  or  1000-h  thermally  aged, 
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Fig.  12.  Shear  joint  strength  at  800  °C  for  specimens  with  variously  thermal  aging 
times. 


sintered  GC-9  glass  over  a  non-aged  one  due  to  a  greater  extent  of 
crystallization  [14,27].  Flexural  strength  of  the  thermally  aged  GC- 
9  glass-ceramic  is  increased  with  an  increase  in  aging  time  from 
lOOh  to  lOOOh  [27].  Crystallization  of  glass  sealant  is  expected  to 
take  place  in  the  thermally  aged  joint  specimens  (HT900D-A250, 
-A500,  and  -A1000),  too.  However,  the  shear  strength  of  the  ther¬ 
mally  aged  joint  specimens  does  not  increase  with  thermal  aging 
time  but  shows  an  opposite  trend  in  the  present  study.  It  indi¬ 
cates  that  the  shear  joint  strength  is  dominated  by  the  interfacial 
properties  rather  than  by  the  strength  of  bulk  glass-ceramic.  Dur¬ 
ing  the  joining  process  at  high  temperatures,  BaCr04  chromate  is 
formed  on  the  surface  of  the  glass-ceramic  sealant.  Due  to  the 
high  CTE  and  anisotropy  of  chromate,  high  thermal  stresses  are 
expected  to  generate  cracks  in  the  joint  specimens  during  cooling 
from  high  temperature  [11].  After  a  thermal  aging  treatment  in  air, 
the  amount  of  chromate  in  a  joint  specimen  becomes  greater,  as 
compared  to  the  unaged  one.  The  strength  degradation  of  aged  joint 
specimens  in  the  present  study  is  thus  attributed  to  an  extensive 
growth  of  BaCr04  chromate  layer.  For  HT900D-A250  and  HT900D- 
A500  specimens,  fracture  thus  occurred  mainly  at  the  interface 
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Fig.  13.  Failure  patterns  of  variously  aged  shear  specimens  tested  at  800  °C:  (a) 
HT900D-A250  and  (b)  HT900D-A1000. 
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between  the  BaCr04  chromate  and  the  glass-ceramic  substrate  and 
the  chromate  was  uniformly  peeled  off,  as  shown  in  Fig.  13(a). 

A  greater  extent  of  crystallization  of  glass  sealant  is  expected 
to  take  place  in  the  1000-h  aged  joint  specimens  (HT900D-A1000). 
However,  in  the  study  of  Liu  et  al.  [28],  micro-voids  due  to  CTE 
difference  between  the  ceramic  and  glass  phases  are  formed  in  the 
glass-ceramic  sealant  during  a  cooling  process.  For  HT900D-A1000 
specimens,  fracture  mainly  took  place  in  the  glass-ceramic  layer 
resulting  from  growth  of  micro-voids.  Typical  SEM  micrographs  of 
fracture  surface  on  the  glass-ceramic  layer  in  the  HT900D,  HT900D- 
A500,  and  HT900D-A1000  shear  specimens  are  shown  in  Fig.  14. 
As  shown  in  Fig.  14(a),  on  the  fractured  glass-ceramic  layer  in  the 
unaged  HT900D  specimen,  needle-shape  crystals  and  aggregated 
particles  are  observed  and  interfacial  delamination  is  along  these 
needle-shape  crystals.  As  shown  in  Fig.  14(b)  for  HT900D-A500, 
needle-shape  crystals  and  aggregated  particles  are  also  observed 
and  the  amount  of  aggregated  particles  is  greater  than  that  in 
HT900D.  As  shown  in  Fig.  14(c),  the  amount  of  aggregated  par¬ 
ticles  in  HT900D-A1000  is  much  larger  than  that  in  HT900D  and 
HT900D-A500.  As  fracture  of  the  HT900D-A1 000  specimens  mostly 
took  place  within  the  glass-ceramic  layer,  needle-shape  crystals  are 
barely  observed  on  the  fracture  face  (Fig.  14(c)).  In  addition,  a  con¬ 
siderable  amount  of  micro-voids  are  found  between  the  aggregated 
particles  and  glass  phase  in  HT900D-A1000.  These  micro-voids  are 
presumably  responsible  for  the  fracture  in  the  glass-ceramic  layer. 
Although  fracture  of  the  HT900D-A1000  specimens  mostly  took 
place  within  the  glass-ceramic  layer  and  involved  micro-voids, 
it  still  initiated  from  the  GC-9/BaCr04  interface  at  the  outer  rim 
(Fig.  13(b)).  This  might  explain  why  the  shear  joint  strength  of 
HT900D-A1000  is  comparable  with  that  of  HT900D-A250  and  - 
A500. 

A  cross-sectional  SEM  micrograph  of  the  interface  between  the 
GC-9  and  Crofer  22  H  in  a  1000  h-aged  joint  specimen  is  shown  in 
Fig.  15.  A  good  physical  compatibility  between  the  glass-ceramic 
and  metallic  interconnect  is  observed  at  the  interface  where  no 
defects  or  cracks  are  found.  As  shown  in  Fig  15,  both  the  Cr203 
chromia  layer  from  the  metal  side  and  the  BaCr04  chromate  layer 
from  the  glass-ceramic  side  can  be  clearly  seen  in  such  a  long-term 
aged  joint  specimen.  The  chromia  oxide  layer  in  the  HT900D- 
A1000  specimen  (Fig.  15)  has  a  thickness  of  about  0.4  pan  which 
is  larger  than  that  in  the  unaged  HT900D  specimen  (Fig.  11(a)). 
Above  the  chromia  layer  shown  in  Fig.  15,  a  rough  and  light-gray 
BaCr04  chromate  layer  is  found.  EDS  analysis  of  this  layer  indi¬ 
cates  that  it  contains  a  substantial  amount  of  Ba,  Cr,  and  O  and 
confirms  that  it  is  the  BaCr04  chromate  with  a  thickness  of  about 
1.5  [xm.  Such  a  BaCr04  chromate  layer  is  too  thin  to  be  measured 
in  the  unaged  HT900D  specimen  (Fig.  11(a)).  The  SEM  micrograph 
shown  in  Fig.  15  confirms  that  thickness  of  the  BaCr04  chro¬ 
mate  layer  in  the  joint  specimen  is  increased  with  aging  time  at 
800  °C. 

3.4.  Overall  comparison 

An  overall  comparison  of  the  joint  strength  and  fracture  mode 
for  all  the  given  testing  conditions  is  given  in  Tables  1  and  2.  Table  1 
lists  the  average  shear  joint  strength  and  fracture  site  for  all  the 
tested  shear  specimens.  As  described  above,  three  types  of  fracture 
site  are  observed  in  the  shear  joint  specimens.  Fracture  in  the  GC-9 
glass-ceramic  layer  is  designated  as  “A”.  Fracture  at  the  interface  of 
GC-9/BaCr04  is  designated  as  “B”  while  fracture  at  the  interface  of 
Crofer  22  H/Cr203  is  designated  as  “C”.  If  fracture  involves  two  sites, 
these  two  fracture  sites  are  marked  together.  For  all  the  shear  spec¬ 
imens  tested  at  room  temperature,  B  and  C  are  the  primary  fracture 
sites  while  HT900S  accompanied  by  a  greater  delamination  area  at 
B  has  the  lowest  shear  joint  strength.  For  all  the  shear  specimens 
tested  at  800  °C  except  the  long-term  aged  HT900D-A1000,  the 


Fig.  14.  SEM  micrographs  of  fracture  surface  on  the  glass-ceramic  layer  in  the  shear 
specimens  tested  at  800  °C:  (a)  unaged  HT900D;  (b)  aged  HT900D-A500;  and  (c)  aged 
HT900D-A1000. 


joint  strength  of  specimens  with  A  +  B  fracture  sites  is  greater  than 
that  of  specimens  with  B  only.  Apparently,  the  interface  between 
the  GC-9  glass-ceramic  substrate  and  BaCr04  chromate  layer  is  the 
weakest  layer  to  resist  a  shear  loading  for  the  joint  specimens. 
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Fig.  15.  Cross-sectional  SEM  micrograph  of  the  interface  between  the  GC-9  and 
Crofer  22  H  in  an  aged  HT900D-A1 000  joint  specimen. 


Table  1 

Shear  joint  strength  and  fracture  site  of  tested  joint  specimens. 


Test  temperature 
(°C) 

Specimen  condition 

Average  shear 
strength  (MPa) 

Fracture  site3 

25 

HT900S 

4.9 

B  +  C 

25 

HT900D 

6.6 

B  +  C 

25 

POHT900D 

7.0 

B  +  C 

800 

HT900S 

4.4 

A  +  B 

800 

HT900D 

4.7 

A  +  B 

800 

POHT900D 

4.4 

A  +  B 

800 

HT900D-A250 

3.9 

B 

800 

HT900D-A500 

3.9 

B 

800 

HT900D-A1000 

3.8 

A  +  B 

a  A:  in  glass-ceramic  sealant  layer;  B:  at  the  interface  between  glass-ceramic 
substrate  and  BaCr04  layer;  C:  at  the  interface  between  metal  substrate  and  Cr203 
layer. 


Table  2  lists  the  average  tensile  joint  strength  and  fracture  site 
for  all  the  tested  tensile  joint  specimens.  Fracture  sites  A  and  B  are 
mostly  observed  for  the  tensile  joint  specimens  while  fracture  at 
the  interface  of  Crofer  22  H/Cr203  (site  C)  is  not  observed.  Given 
a  test  temperature,  the  tensile  joint  strength  of  specimens  with 
A  +  B  fracture  sites  is  less  than  that  of  those  with  A  only.  It  indicates 
that  the  tensile  joint  strength  is  lower  if  fracture  involves  delami¬ 
nation  at  the  interface  between  the  GC-9  glass-ceramic  substrate 
and  BaCr04  chromate  layer.  Again,  the  interface  of  GC-9/BaCr04 
is  the  weakest  layer  in  the  joint  specimen  to  resist  tensile  loading 
like  that  in  the  shear  mode.  A  similar  result  was  also  found  in  Ref. 
[13].  As  reported  in  Ref.  [13],  for  the  joint  specimens  of  a  G-18  glass 
with  Crofer  22  APU  alloy  tested  under  tensile  loading,  an  interfacial 
fracture  mode  accompanied  a  lower  joining  strength  in  comparison 
with  the  case  of  fracture  taking  place  within  the  bulk  glass  sealant. 

Results  in  the  present  study  and  Ref.  [11]  both  indicate  that 
formation  of  chromate  along  the  Cr-containing  metallic  intercon¬ 
nects  and  silicate  glass/glass-ceramic  sealants  containing  alkaline 


Table  2 

Tensile  joint  strength  and  fracture  site  of  tested  joint  specimens. 


Test  temperature 

(°C) 

Specimen  condition 

Average  tensile 
strength  (MPa) 

Fracture  site 

25 

HT900S 

16.7 

A 

25 

HT900D 

23.0 

A 

25 

POHT900D 

16.7 

A  +  B 

800 

HT900S 

4.3 

A  +  B 

800 

HT900D 

12.7 

A 

800 

POHT900D 

12.6 

A  +  B 

800 

LPOHT900D 

7.0 

A  +  B 

earths  such  as  Ba  and/or  Sr  leads  to  a  lower  joint  strength  in  the 
pre-oxidized  as  well  as  thermally  aged  joint  specimens.  Therefore, 
how  to  lessen  formation  of  chromate  to  enhance  both  the  shear  and 
the  tensile  joint  strength  between  glass/glass-ceramic  sealant  and 
metallic  interconnect  is  an  important  issue  for  future  development 
of  pSOFC  glass/glass-ceramic  sealants. 

4.  Conclusions 

(1)  A  technique  of  measuring  the  shear  and  tensile  joint  strength 
between  glass/glass-ceramic  sealant  and  metallic  interconnect 
at  room  temperature  and  800  °C  is  developed  in  the  present 
study.  The  joint  strength  of  Crofer  22  FI/GC-9/Crofer  22  FI 
sandwich  specimens  initially  with  two  sides  of  glass-ceramic 
sealant  is  greater  than  that  of  single-sided  ones.  In  particular,  an 
increment  of  1 95%  in  tensile  joint  strength  at  800  °C  is  found  for 
the  double-sided  specimens,  as  compared  to  the  single-sided 
ones. 

(2)  A  pre-oxidation  treatment  of  Crofer  22  H  coupons  at  900  °C 
for  2  h  does  not  improve  the  shear  or  tensile  joint  strength 
for  all  the  given  testing  conditions.  In  particular,  a  longer  pre¬ 
oxidation  time  of  20  h  even  considerably  reduces  the  tensile 
joint  strength  at  800  °C  by  an  extent  of  45%. 

(3)  A  thermal  aging  in  air  at  800  °C  for  250  h  or  500  h  degrades  the 
shear  joint  strength  at  800  °C  by  1 7%  due  to  continuous  growth 
of  BaCr04  chromate  over  time.  A  longer  aging  time  of  lOOOh 
reduces  the  shear  joint  strength  by  a  slightly  additional  extent 
from  17%  to  19%. 

(4)  The  interface  between  the  GC-9  glass-ceramic  substrate  and 
BaCr04  chromate  layer  is  generally  the  weakest  layer  to  resist  a 
shear  loading  for  the  joint  specimens.  For  shear  joint  specimens 
with  a  1000-h  thermal  aging  treatment  in  air,  fracture  mainly 
occurs  in  the  GC-9  layer  resulting  from  growth  of  micro-voids 
within  the  glass-ceramic  layer. 

(5)  For  the  tensile  joint  specimens,  a  greater  joint  strength  corre¬ 
sponds  to  fracture  occurring  only  in  the  glass-ceramic  sealant 
layer.  For  a  lower  tensile  joint  strength,  delamination  at  the 
interface  between  the  GC-9  substrate  and  BaCr04  layer  is 
also  involved  in  the  fracture  in  addition  to  the  fracture  of 
glass-ceramic  layer. 
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